Patients with advanced solid malignancies recurrent or resistant to standard therapy have limited treatment options. The role of molecular biomarkers for predicting immune checkpoint blockade (ICB) efficacy are not well characterized in these patients. Tumor mutational profiles of 490 patients with a variety of advanced solid tumors enrolled in a prospective protocol were analyzed to identify prognostic and predictive biomarkers. ICB therapy was defined as treatment with any CTLA-4, PD-1, and/or PD-L1 monoclonal antibody. ICB treatment was associated with significantly improved overall survival compared to non-ICB therapy. Multivariate regression analysis including the two variables of tumor mutation burden (TMB) and ICB, and their interaction term, showed favorable survival associated with ICB, unfavorable survival associated with TMB without ICB treatment, and improved outcome with increasing TMB in ICB treated patients. Tumor TP53 mutation was associated with worse survival, but these patients still benefitted from ICB. A more comprehensive multivariate analysis including cancer type, specific gene mutations, and TMB revealed that ICB treatment was an independent predictor of improved overall survival. Therefore, ICB-based therapeutic trials are beneficial in patients with advanced solid malignancies, but the most benefit may be restricted to patients with the right combination of TMB and specific tumor histology and genotype.
INTRODUCTION
Patients with advanced cancers who are initially resistant to frontline therapy or who develop recurrent disease have a finite survival [1] , and choosing the right therapy within this window is crucial. We previously demonstrated that matched targeted therapy in this patient population is associated with better survival, but this benefit was realized for a small subset of patients [2] . One alternative approach to consider for this patient population Research Paper www.oncotarget.com may be the use of immune checkpoint blockade (ICB), which has changed therapeutic strategies for the treatment of a number of solid tumors [3] , especially non-small cell lung carcinoma, melanoma, and Merkel cell carcinoma [4] [5] [6] . When faced with patients with a variety of different advanced cancer types, it can be difficult to decide which specific patients should be treated with ICB.
In a prospective trial reported previously, a large next-generation sequencing (NGS) panel comprised of the entire coding regions of 409 cancer-related genes was employed to identify clinically actionable gene amplifications or mutations to help place patients onto matched targeted therapy trials [2] . Another potential use for such larger NGS panels is calculation of tumor mutation burden (TMB), a promising biomarker for prediction of response to immune checkpoint blockade [7] . TMB has been shown to predict response to ICB in patients with non-small cell lung carcinoma (NSCLC) [8, 9] , melanoma [10] , gastrointestinal (GI) and endometrial adenocarcinomas [11] , as well as histology agnostic solid tumors [12] . It remains unclear what predictive and/or prognostic significance TMB has in patients with advanced stage, recurrent or treatment refractory solid malignancies.
Recently, patients with tumor mutations in certain DNA damage repair (DDR) genes such as POLE [13] , base excision repair (BER) genes [14] , and mismatch repair (MMR) genes [9] have been shown to respond to ICB. However, the potential ICB response in patients with tumor mutations in other DDR pathway genes is not yet well characterized. Recent literature proposes that certain non-small cell carcinomas with mutations in TP53 may have favorable response to ICB [15] . However, the effects of TP53 mutation as a modifier of ICB response is also not yet well described.
During the initial recruitment phase for this prospective protocol (2014) (2015) , the efficacy of ICB for melanoma and a few other cancer types was just beginning to be evaluated in clinical trials [16] [17] [18] [19] . Therefore, ICB treatment of patients with higher TMB was not considered a matched targeted therapy for the trial [2] . During the course of retrospective review of the trial data, we noted that a number of patients were treated with ICB after enrollment onto the trial. We therefore wanted to determine if immunotherapy had utility in this difficult to treat patient population. We also sought to identify what clinical variables, if any, were associated with ICB treatment response. In this report, we describe a number of modifying factors that may be useful in the decision to treat with immune checkpoint blockade patients who have advanced solid malignancies that are recurrent or refractory to frontline therapies.
RESULTS
Of the 554 patients consented for study, 32 did not receive any treatment on study, and 32 patients were lost to follow up following enrollment. Therefore, all analyses are focused on 490 patients who received some type of treatment while on study, all of whom had AJCC 8 th edition stage III or IV disease (or neurologic tumors of WHO grade III or IV). A wide variety of cancer types were represented in this study (Table 1  and Supplementary Tables 1 and 2) . Notably, only two melanoma patients were enrolled on this protocol. The mean number of somatic mutations per tumor was 5.4 (median of 3, range 0-221). Table 1 summarizes the distribution of patient tumors by cancer type, number of reported mutations, and whether ICB was employed as a treatment while on study. Low TMB was relatively common in patients with adenoid cystic carcinoma of the salivary glands and non-medullary thyroid carcinoma. In contrast, cancers such as colorectal carcinoma, urothelial carcinoma, head and neck squamous cell carcinoma, endometrial carcinoma, and germ cell tumors (GCTs) rarely had low TMB, showing fewer than 10% of total cases having 0-1 mutations ( Table 1) . The relationship between histology and TMB was comparable to previous reports ( Figure 1A ), demonstrating high TMB in melanoma, squamous cell carcinoma of the lung, and urothelial carcinoma as well as low TMB in non-medullary thyroid carcinoma, thymoma and low grade serous gynecologic carcinoma. In comparison, when stratifying TMB by mutated gene or pathway, tumors with mutated DNA repair genes demonstrated relatively increased TMB (red, blue, and orange arrows, Figure 1B ), whereas TP53 mutated tumors tended to demonstrate relatively lower TMB (black arrows).
In 31 (6.3%) patients, PD-L1 expression was assessed by immunohistochemistry on a wide variety of tumors; 5 (16.1%) tumors were positive, defined as expression in >1% of tumor cells. Mismatch repair (MMR) was assessed by immunohistochemistry in 21 (4.3%) patients, 2 (9.5%) of whom showed MMR deficiency. PCR-based microsatellite instability (MSI) was performed on 20 (4.1%) patient tumors 2 of which were MSI-High. Most of the MMR and MSI assessments were performed for patients with colorectal adenocarcinoma. ICB treatment was not significantly associated with tumor PD-L1 positivity (p > 0.99), presence of tumor MSI-high (p = 0.10), or presence of MMR deficiency (p = 0.43) (data not shown).
One hundred and three of 490 (21%) treated patients received ICB while on study (Table 1) . ICB treatment was associated with significantly longer overall survival (p < 0.0001) (Figure 2 ). ICB was most commonly attempted in patients with non-small cell lung carcinoma and renal cell carcinoma, and adenoid cystic carcinoma. In contrast, ICB was given to fewer than 10% of patients with colorectal cancer, breast carcinoma, high grade serous carcinoma, glioma, endometrial carcinoma, and germ cell tumors. None of these ICB treated patients had melanoma. Of www.oncotarget.com the 103 ICB treated patients, 18 (17.4%) were tested for PD-L1 IHC expression, MMR deficiency, and/or MSI instability. Four (3.9%) patients were found to be PD-L1 IHC positive (>1%) or had MMR deficient or MSI-High tumors (data not shown). The remaining patients were treated with ICB empirically.
We next sought to identify factors that were associated with ICB treatment response and/or resistance. Recursive partitioning for classification and tree methods (described in the methods section) were used to determine the optimal cut-points for TMB, which were the following three groups: 0-1 mutation, n = 134; 2-12 mutations, n = 326; and 13-221 mutations, n = 30. In patients not receiving ICB, there was a continuous decrement of survival with increasing TMB (p = 0.0008 Log-rank (Mantel-Cox) test, p = 0.0002 Log rank test for trend) ( Figure 3A Increasing TMB (expressed as the square root of reported mutations) was associated with poorer survival (HR = 1.058, p = 0.0289, Figure 3F ). An interaction term between ICB therapy and the square root of reported tumor mutations in the multivariate analysis revealed that these two variables were not independent (p = 0.0207). Rather, increasing number of mutations appeared to have a favorable association with survival when patients were treated with ICB ( Figure 3F ). For non-ICB treated patients, the HR associated with 1 unit increase in the square root of TMB was 1.150 (95% CI: 1.075-1.230, p < .0001), while for ICB treated patients, the HR associated with 1 unit increase in the square root of TMB was not statistically significant (0.997 [95% CI: 0.901-1.102, p = 0.946]). In the multivariate model, the estimates for the coefficients of ICB treatment, the square root of reported tumor mutations, and an interaction term between ICB therapy and the square root of reported tumor mutations were -0.465 (p = 0.0085), 0.140 (p < 0.0001), and −0.143 (p = 0.0207), respectively. To summarize, initial multivariate analysis demonstrated that both ICB treatment and TMB were both correlated with overall survival, and that there appeared to be an interaction between these two variables. We next determined if any specific cancer types were over-represented in the highest TMB group. Of the 490 patients who received treatment while on study, 30 (6.1%) had tumors in the group with the highest TMB (>12 mutations). These 30 patients had a wide variety of different cancer types ( Table 2 ), suggesting that cancer type was not necessarily an accurate predictor of high TMB and response to ICB. Interestingly, five of nine patients (55.5%) who received ICB are still alive as of January 2019, whereas 19 of 21 (90.5%) patients who did not receive ICB have died of disease.
This prospective protocol specifically enrolled cancer patients with recurrent or advanced disease in which front-line therapy had failed. TP53 mutations were the most common somatic mutation in this patient cohort (190/490 [38.8%] patients; Table 3 ), so we investigated whether TP53 mutations were prognostic. Across all treated patients, TP53 mutation was associated with a statistically significant decrease in overall survival ( Figure 4A ). Patients with TP53 mutated tumors, however, still realized the survival benefit of ICB treatment ( Figure 4B ). In fact, never received ICB, higher TMB was associated with worse overall survival (A and B). In contrast, in patients who received ICB therapy, the lower and upper extremes of TMB were associated with better overall survival (C and D). Patients with TMB>12 demonstrated the most benefit when treated with an ICB regimen (E). Panel (F) summarizes the univariate and multivariable regression of the effects of ICB therapy, the square root transformation of reported mutations (RM), and the interaction between these two variables. In both the univariate and multivariate analyses, ICB therapy was associated with favorable survival and the square root of RM was associated with unfavorable survival. The interaction between these two variables (that is, increasing RM in the setting of ICB treatment) was associated with favorable survival. Hazard ratios of the three TMB groups were compared internally to all other patients within this patient cohort. HRs are -Log2 transformed so that a HR of 2 equals 1.0 and a HR of 0.5 equals -1.0. **** p-value < 0.0001; *** p-value < 0.001; ** p-value < 0.01, * p-value < 0.05. In the above charts and tables, 0-1 RM (reported mutations) is equivalent to 0-0.573/Mb tumor mutation burden (TMB). 2-12 RM (reported mutations) is equivalents to 1.146-6.877/Mb TMB and >12 RM (reported mutations) is equivalent to >6.88/Mb TMB. Since response to ICB was interrogated in these relationships, only the 490 treated patients were included in this analysis. www.oncotarget.com the HR of ICB treatment in TP53 mutated patients (HR = 0.565, 95%CI [0.389 to 0.821], n = 190, p = 0.0027, Figure 4B ) versus that in TP53 wild type patients (HR = 0.543, 95%CI [0.414 to 0.718], n = 300, p < 0.0001) was comparable ( Figure 5) . Therefore, the presence of a TP53 mutation should not, by itself, discourage ICB treatment. However, only 29/190 (15.3%) TP53-mutated patients were treated with ICB, a significantly lower proportion compared to that of TP53 wild type patients (74/300 [24.7%]; Fisher Exact test p = 0.0126, Figure 6 ).
When comparing survival of the 490 treated patients in this study, mutations in a few other genes, specifically APC, LRP1B, and PIK3CA, were also associated with worse survival in all protocol patients by univariate analysis (Table 3) (Figure 9 ). Interestingly, the improvement in hazard ratio of patients without a tumor mutant DR gene when treated on ICB was less than that seen in patients with tumors with mutated DR genes when treated with ICB was (HR = **** p-value < 0.0001; *** p-value < 0.001; ** p-value < 0.01, * p-value < 0.05. Since response to ICB was interrogated in these relationships, only the 490 treated patients were included in this analysis. (Table 3) , whereas non-medullary thyroid carcinoma and adenoid cystic carcinoma were associated with improved survival in protocol patients (Table 3) . However, when comparing all patients irrespective of treatment, only squamous cell carcinoma of the head and neck and germ cell tumors demonstrated significantly worse relative survival, whereas non-medullary thyroid carcinoma and adenoid cystic carcinoma again had relatively favorable survival (Figure 10 ). There were insufficient ICB-treated patients to examine impact of ICB in each of these cancer types, but gynecologic, non-colorectal GI, and urothelial carcinomas demonstrated improved overall survival when treated with ICB compared to non-ICB therapy on study ( Figure 11A ). Aggregating these three tumor types together into a composite clinical group highlights the benefit of ICB therapy versus a non-ICB therapy (HR = 0.424, 95%CI [0.263 to 0.684], n = 15 vs n = 98, p = 0.0004), demonstrating the ability to enrich for ICB response ( Figure 11B ). Breakdown of this composite group by TMB also showed variation among TMB groups ( Figure 11C) . Interestingly, the data indicate significant responses to ICB in the middle and high TMB groups.
Our initial simplified multivariate analysis demonstrated that both ICB treatment and tumor mutation burden were associated with overall survival. A more complex multivariate analysis that included treatment type, cancer type, specific gene mutations, and TMB, treatment with ICB remained strongly associated with better overall survival (Table 3) . A few other factors, such as presence of specific tumor histologies (adenoid cystic carcinoma and non-medullary thyroid carcinoma; favorable), and presence of LRP1B mutation (unfavorable), retained their respective associations with survival (Table 3) . Notably, in the more comprehensive multivariate analysis, TMB by itself was not associated with survival after taking into account a number of other histologic and genetic mutational variables. These results therefore suggest that the relationship between high TMB and beneficial response to ICB therapy may be more complex than previously thought. Tumor type and mutations in individual genes may be modifiers of the impact high TMB has on ICB treatment response.
DISCUSSION
In patients with stage III/IV advanced solid malignancies refractory to standard treatment, our data argue for inclusion of ICB treatment as a therapeutic consideration. We found worsening survival outcomes with increasing TMB which may be reversed by treatment with ICB. Our data suggest that increasing TMB may actually be associated with improved survival in the ICB treated subgroup of patients. This complex relationship between TMB, ICB treatment, and survival highlights the importance of tumor mutational profiling in this patient population. Such molecular profiling not only identifies potential targets for matched targeted therapy [2] , it can identify patients with tumors with higher TMB who may be more optimal candidates for ICB. Failure to recognize this potential positive impact of ICB on survival in this difficult to treat patient population could therefore represent an important lost opportunity.
The limitations of this study include the fact that the treatments for this patient population were not randomized. We cannot exclude the potential for selection bias in choosing to give ICB therapy to patients who may already be more likely to demonstrate prolonged survival. However, this report does suggest that ICB-based trials may be more likely to provide benefit in a wider spectrum of cancer types in patients who have advanced disease.
Prior evaluations of the prognostic value of TMB have mainly focused upon a "hypermutated" group (>8 to 17 /Mb), showing high TMB as a good prognostic biomarker [20] . This hypermutated group typically consists only of 5-20% of a given cancer patient population. The majority of patients with solid tumors (80-95%) fall within the TMB "low" group (<8 to 17 / MB). Within this larger group of TMB low patients, increasing TMB may reflect increasing tumor complexity and heterogeneity leading to treatment refractoriness to conventional therapy and unfavorable outcomes. In contrast, tumors with very low TMB (0-1 /Mb) may have less intra-tumoral heterogeneity, and patients may respond more favorably to conventional therapy. The NGS panel in our study was 1.745 Mb, somewhat larger than most commercially available NGS panels. Our data argue for the utility of a larger NGS panel to identify TMB at a more granular level, especially on the lower end of the TMB spectrum. In fact, a number of studies have emphasized the utility of larger panels in this range in order to obtain sufficient sensitivity, especially when interrogating tumors with less than 10 somatic mutations per Mb [21] [22] [23] .
The optimal approach to identify cancer patients who are most likely to benefit from immunotherapy remains controversial. PD-L1 Immunohistochemical assessment in solids tumors has demonstrated a moderate association with response to ICB (PD-L1 positive: 48% vs PD-L1 negative: 15%) [24] . However, in renal cell carcinoma [24] , PD-L1 estimation has not been associated with response to ICB. PD-L1 expression has only modest overlap with TMB high tumors, capturing approximately 45% of tumors with higher TMB [25] . In fact, PD-L1 expression by immunohistochemistry has been shown to be somewhat independent of TMB in non-small cell lung carcinoma [26] . Mismatch repair deficiency and high levels of microsatellite instability are now approved indications for ICB therapy [27] . Mismatch repair and microsatellite instability testing have been limited largely to gastrointestinal and endometrial carcinomas due to low identification rates in other tumor types [27] . Microsatellite instability testing captures only 10-30% of TMB high tumors [25, 28] . In colorectal carcinoma, the overlap between mismatch repair deficiency and TMB is strong, but this is not true in endometrial, ovarian, cervical and neuroendocrine carcinomas [25] . Given that PD-L1 immunohistochemistry, mismatch repair immunohistochemistry, and microsatellite instability are relatively simple clinical laboratory assays that are widely available, a simplified approach might include utilization of these tests first. If they are negative, then the more complex assessment of TMB via a large scale NGS panel could be pursued.
A better understanding of the impact of individual gene alterations on patient outcomes with ICB treatment is emerging. For example, in KRAS-mutant lung adenocarcinoma, STK11/LKB1 mutation is associated with resistance to ICB treatment [29] . Co-mutations of TP53 and KRAS in lung adenocarcinoma are reported to correlate with improved efficacy of ICB therapy [30] . Mutations of LRP1B are associated with increased TMB and survival in melanoma and non-small cell lung carcinoma patients given immunotherapy [31] . Loss of tumor PTEN protein expression in melanoma is associated with worse ICB outcomes and reduced tumor infiltration by CD8+ T cells [32] . TP53 mutation was the most common molecular alteration in our patient population and was associated with worse survival, similar to its known association with unfavorable outcome in solid and hematologic malignancies [33] [34] [35] [36] . Our data demonstrate that while TP53 mutations are associated with unfavorable survival, the effect of ICB therapy is not diminished by the presence of this gene mutation. This is concordant with previous data showing PD-L1 expression may be increased in TP53 and KRAS mutated non-small cell lung carcinomas [30] . Our data also suggest that tumor mutations in a broad array of DNA repair genes is associated with better response to ICB therapy. Such DNA repair pathways include mismatch repair (MMR), base excision repair (BER), nucleotide excision repair (NER), recombination repair (RER), and Fanconi anemia (FA).
Finally, in the expanded multivariate analysis, treatment with ICB retained its association with improved survival, independent of all other variables in the model. The loss of significance of TMB in the multivariate analysis may be due to high correlation of TMB with cancer type and/or specific mutational profiles [28, 37] . Our findings may corroborate the observation that the ability of TMB to predict ICB benefit is dependent upon histologic type of cancer [38] . If true, this argues for the use of histology specific TMB cutoffs as well as modifications based on mutational profile in future clinical practice.
Taken together, although our initial multivariate analysis demonstrated that both ICB treatment and tumor mutation burden were associated with overall survival, a more complex multivariate analysis that included treatment type, cancer type, specific gene mutations, and TMB, demonstrated only treatment with ICB remained strongly associated with better overall survival (Table 3) . A few other factors, such as presence of specific tumor histologies (adenoid cystic carcinoma and non-medullary thyroid carcinoma; favorable), and presence of LRP1B mutation (unfavorable), retained their respective associations with survival (Table 3) . Notably, in the more comprehensive multivariate analysis, TMB was not associated with survival after taking into account histologic and genetic mutational variables. These results therefore suggest that the relationship between high TMB and beneficial response to ICB therapy may be more complex than previously thought and that tumor type and mutations in individual genes should also be considered when constructing clinical models predictive of response to ICB.
MATERIALS AND METHODS

Patient population
As described previously (2), patients were enrolled prospectively into an IRB-approved institutional protocol, PA14-0099, between May 7, 2014, and October 5, 2015.
Written informed consent from all patients participating in this trial was obtained prior to enrollment. Key enrollment criteria included: 1) any adult patient with pathologic documentation of a single solid malignancy; 2) completion of frontline and any standard treatments that extended life by at least 3 months; 3) Eastern Cooperative Oncology Group performance status of 0 or 1; 4) no active brain metastases; and 5) previous tumor testing using a smaller sequencing panel and that showed no clinically actionable mutations or the patient had progressed on a matched therapy targeting a previously identified actionable finding. Electronic medical records were reviewed for specific treatment on study, including any type of ICB treatment. ICB therapy on study was defined as treatment with any CTLA-4 (ipilimumab, tremelimumab), PD-1 (nivolumab, pembrolizumab, spartalizumab, cemiplimab), and/or PD-L1 (atezolizumab, durvalumab) monoclonal antibody after the trial consent date.
Molecular testing
Molecular testing was performed on formalinfixed, paraffin-embedded (FFPE) tissue of patient tumors using a NGS panel that covers the entire coding regions of 409 cancer-related genes (15,992 amplicons; 1.745 Mb) as previously detailed [39] . Subtraction of germline single nucleotide polymorphisms (SNPs) was performed for each patient using a paired normal control specimen derived from either peripheral blood mononuclear cells or normal FFPE tissue from the same patient. For each patient tumor, TMB was calculated as the sum of reported somatic mutations (including SNV and indels), and not counting intronic or silent mutations. TMB can also be expressed as mutations /Mb by dividing the number of reported mutations by the panel footprint of 1.745 Mb. Supplementary Table 3 summarizes the number of reported tumor mutations and the corresponding TMB (mutations/ MB). TP53 somatic mutations were the most common in this patient population, and they were further subcategorized as gain-of-function, frameshift, and/or stop (nonsense). Gain-of-function mutations may gain novel functions through protein-protein interactions with the transcription factors NF-Y, VDR, PML, Sp1, and Ets2 [40] .
Mismatch repair and PD-L1 immunohistochemistry and microsatellite instability analyses
Mismatch repair protein immunohistochemistry was performed according to methodology previously described [41] . Briefly, immunohistochemistry of mismatch repair proteins was performed using standard techniques for MLH1 (G168-15 1:25; BD Biosciences Pharmingen), MSH2 (FE11, 1:100; Calbiochem), MSH6 (44, 1:300; BD Biosciences Pharmingen), and PMS2 (Alb-4, 1:125; BD Biosciences Pharmingen). Immunohistochemistry was scored as mismatch repair protein intact or deficient using light microscopic examination. Complete absence of mismatch repair protein expression was required in order for a case to be designated as mismatch repair deficient. Stromal cells served as an internal positive control. For PD-L1 immunohistochemistry, staining and analysis were performed using clones 28-8 and 22C3 (Dako). Any positive staining in tumor cells observed by light microscopy was considered PD-L1 positive. PCR-based microsatellite instability analysis was performed using 6 National Cancer Institute (Bethesda, MD) recommended microsatellites with the addition of TGFβR2 as previously described [42] .
Statistical analyses
Survival was calculated from date of study consent to date of death or last known encounter within the medical record. GraphPad Prism 8.1.2 software (La Jolla, CA) was used to plot histograms and Kaplan-Meier survival curves and to calculate p-values for Mantel-Haenszel hazard ratios (HRs) with 95% confidence intervals and log-rank tests for trend. Recursive partitioning for classification and tree methods [43] were used to determine the optimal cut points for reported mutations in the ICB treated group. With the determined cut points above, Kaplan-Meier curves were plotted for ICB-treated, non-ICB treated, and all patients on study, and the p-values from the log-rank tests were provided. Cox proportional hazard models were utilized for univariate and multivariate analyses on the time-to-event endpoint of overall survival. For multivariate analysis, variables with p-values less than 0.2 from the univariate model were considered for model fitting and stepwise model selection, and the variables with p-values less than 0.05 were considered statistically significant in the final model. To determine the best functional form of the continuous covariates in the model with ICB and tumor mutation burden, the martingale residuals were plotted for the variable tumor mutation burden along with locally weighted scatterplot smoothing after a Cox model with other variable (s) was fitted. The smoothed curve was not linear, suggesting that transformation of tumor mutation burden was necessary. Since the distribution of tumor mutation burden was positively skewed, and there were many zero and small values for tumor mutation burden, the square root transformation of tumor mutation burden was utilized. Correction for multiple comparisons was not performed due to the retrospective exploratory nature of this analysis. All tests were two-sided. P-values less than 0.05 were considered statistically significant. In addition to GraphPad Prism, the analyses were performed using R version 3.5.3 (2019-03-11) and SAS 9.4 (SAS, Cary, NC).
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